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Abstract

~’hc Global  Positioning System (GPS) can play a major
role in supporting orbit and trajectory determination for
spacccr:ift in a wide range of applications, inc]uciing low-Earth,
high-liar(h,  and even deep space (interplanetary) tracking. This
paper summarizes  recent results demonstrating these unique and
far-ranging applications of GPS.

I.OW-EARTH  ORBITER TRACK] NCi

GPS satellites (presently numbering 25) transmit carrier
signals at 1.228 and 1.575 (3Hz (L-band) which are modulated
by a pscudorandom noise code, the P-code (precision code), at
10,23 MH7. A second code, the C/A (coarse acquisition) code,
is somewhat noisier than the P-code due to its lower frequency
at 1.023 MHz and the lack of dual-band ionospheric correction.
‘l’he GPS codes include a navigation message with GPS clock
and orbit information which can be utilized for real-time point
positioning. With the P-code, user positions can be dctcrmincd
in a point (geometric) positioning mode in near-real time to about
10 m. In normal operation, the Dcpar(ment  of IJefense  turns on
selccfive  avclilul)ili?y  (SA) for most GPS satellites, introducing a
clock dither and alterations to the broadcast ephemeris. Certain
authorized users can be equipped with keys to correct for these
effects, but other users see transmitter clock  variations of the
order of 30-50 m.

Civilian and scientific uses of GPS have led to a wide
variety of applications in geodesy, surveying, navigation, and
remote sensing, including a cm-level non-real [ime positioning
capability for receivers on the surfi~cc  of the Earth [ 1], and
several-cm accuracy for low-Earth satellite orbit determination
[2-3]. Such high-precision applications require a global GPS
ground network of high quality dual-band receivers and
simultaneous processing of data in estimation software which
incorporates detailed physical and observation models. Most
military and civilian GPS applications involve an upward-
looking geometry where the users’ receiving antennas are
pointed away from the Earth towards the GPS satellites. I;ig. 1
shows ibis with the low-Earth orbiter Topcx/Poseidon  and
ground stations tracking GPS satellites.
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Fig. 1 .  Upwards looking gcomclry  for low-ICarth  orbiter and
ground  stations tratking G1’S satellites.

‘1’opex/Poseidon carries an ocean altimeter to map the
oceans’ surfi~ccs  and measure global ocean circulation. At its
altitllck  - slightly above  1300  km - 6-8 GI’S satellites arc
typicnl]y  in view at a given time with the upwards looking
hemispherical ficlcl of view. By relying at least pwlially  on
available precise dynamic models, a dynamical fit can bc
pcrformccl  in a sequential filter using data over at least several
hours and the accuracy of the solution improves significantly
over that achieved from instant point solutions. Additional
accuracy improvement results from differential cancellation of
the rcceivcr and transmitter clock errors (and SA clock dither) at
each measurement epoch when the ground and flight rcccivcr
dat:t arc processed together. While this requires c o m m o n
visibility of at least IWO GPS with at least two rcccivcrs (}Jig.  1),
such geometry is continuously achicvcd  at low altitudes with at
least 6 ground  sites. When all the CiPS,  orbits arc estimated as
WC]],  low-liarth  orbit determination at the fcw cm-level is
possib]c,  as has been demonstrated on lopcx/1’oseidon  [2-3].
‘1’hus [i low-I;arth  satellite, in the prcscncc  of SA, can be tracked
to an accuracy ranging from 50-100 m (real-time geometric
positioning), to a few tens of meters (real-time filtered GPS
data), to 10 cm or better (differential GPS, groLIncl network +
modeling + filtering + smoothing). Radial accuracies achicvcd
for ‘1’opex  with GPS tracking are better than 3 cm [2-3].

}IIGH-EARI’H ORBITER TRACKING

Above 3000 km altitude, replacing the “upwards-
looking” tracking configuration with a “down-looking”
configuration results in more GPS satellites in view [4]. For the
down-looking geometry, the orbiting user directs the receiving
antenna down towards to Iiarth and tracks CIPS satellites on the
far side (GPS satellites broadcast a beam which is slightly wi(ier
than the angle which the Earth subtends.). Above 6000 km,
more often than not, less that 4 CJPS are in view, and above
10000 km, typically less than 2 GPS arc simultaneously tracked
from the orbiter and even a clifferential  solution is not always
possible. This means that SA cannot always bc removed



differentially, ancl without SA keys, significant performance.
degradation C)CCLIIX  [5].
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Vig. 2 Average number of  {;1’S satellites in view for a
satel l i te  carrying a f l ight  rcccivcr  ( u p - l o o k i n g  and down-
Iooking G1’S) and average numhcr  of ground stations in view
a s  seen from a user satel l i te  with a GPS-like hcacon. T h e
satel l i te  equipped with a GPS-l ike hcacon which can be
tracked in a GPS ground rcccivcr  along with the {;1’S signals
simultaneously.

Above 10000 km altitucle, it bccomcs advantageous to
ccmsidcr a technique which wc will refer to as GI’S-like tracking
(G] .T) [6]. GI.1  incorporates a transmitting beacon instead of a
GPS flight receiver on the user satellite, a beacon whose signal
stmcture is such that it can be easily tracked in ground  CJPS
rcccivcrs.  Fig. 2 shows visibility curves for the upwards
looking, downwards looking, and beacon (G] .’1”) scenarios as a
function of a]titudc. Iior the upwards and downwards looking
configurations, the plot shows the average number of visible
GPS satellites, while for the beacon, the plot shows average
number of stations able to simultaneously track the high-l  iarth
orbiter. 10 ground stations were assumed to be evenly
distributed around the globe for this plot [4].

“1’hc downwards-looking technique (for the 2000-6000
km altitude range) has not yet been demonstrated in an actual
flight test. This technique might require ciircctional  and steerable
flight antennas. A magnified atmospheric distortion effect is also
expected. The GPS signals will be weaker too, since they must
travel a ~~rther distance and the data would be sampled from the
edge of the GPS broadcast beam pattern.

@)S-] ,ik~l’racking  TDRS Expcrimctlt_—.. —
in January 1994 the Jet Propulsion 1,aboratory  (JP1.)

carried out a GI.”1’ experiment in which the Ku-band carrier
phase, clata from two of NASA’s geosynchronous TDRS
(Tracking ancl Llata  Relay Satellite) orbiters were tracked in three
“1’urboRoguc  rcceivcrs  in the southwest lJnited States which



WC~C SpCCia]]y  adapted  to track GPS satcl]itcs and TDRS
Sillltl]t~llCOLIS]y,
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I’ig. 3 I)iffercntial GPS-like t r a c k i n g .  F o u r  s i m u l t a n e o u s
mcasurcmcnts  o f  c a r r i e r  p h a s e (d’ ) cnahtc r e m o v a l  o f
transmitter and receiver clock offsets. After tracking for 12-
24 hrs, the resultant linear combination of ranges enables
est imation of  CJPS orbits  to the level of a few tens of cm,
and of ground coordinates to cm-level accuracy. The term B,
in the final equation, is a composite bias term which is
easily estimated from - 3 hrs o f  t r a c k i n g .  In GJ’S-like
tracking (GLT), the carrier phase from the high -l?arth  orbiter
would also be included and its orbit similarly rstimated.

Fig. 3 shows schematically how G1,T relates to
diffcrenti:il CiPS tracking (discussed at lcn.gth in [6-7]). in
princip]c,  this could bc a powerful tcchniquc  for orbit
determination, since GPS orbits are routinely dctcrmincd  at JPI.
(and several other analysis ccntcrs) to better than 50 cm, ancl the
accuracy of the high-Earth sa(cllite’s  orbit could, under ideal
circumstances, approach that of the GPS sa[cllitm. I;ig. 4 shows
how overlapping data arcs of 30 hrs are used to assess the
qtlality  of orbits produced at the Jet Propulsion I,abomtory.
1 luring a rcccnt 1 -week period in De.cembcr  1993, for 25 GPS

.



satellites the ave.rage rms overlap difference was 37 cm (1<SS
tllrce-dil]~c~lsiol~al),  Ihring that week, the 10WM[ rms was for
PRN 22 (8 cm) while the highest Ims was for I’RN 13 ( 109
c m ) .
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Vig. 4  A s s e s s m e n t  of G1’S orl]it q u a l i t y  from daily G1’S
precise orhit detcrn]inalion  at the Jet Propulsion laboratory.
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Iig. S Schcnlatic  f o r  m o d i f i e d  {;1’S grollncl rcceivcr t o
simultaneously t rack a high-  ~.arth  orbiter along with (;PS
satellites. In the lI)RS experiment, a small separate antenna
w i t h  a downconvcrter w a s  a d d e d  t o  t h e  GPS  g r o u n d
instrument to mix the Ku-band T1)RS carrier phase down to
1,-hand hcfore the I’DRS  data were added to the other G1’S 1,-
band data.

GPS-compatible beacon signals could  iI)clLlclc:  (1) an
actual CJPS l.-banci  beacon; (2) a set of tones which cm be
tracked in a GPS ground receiver; and (3) the carrier phase from
telemetry, tracked in a GPS receiver. l.Jse of an actual CiPS
beacon (case 1 ) will not be discussed in this paper, but it has
been considered for other geosynchronous satellites [8]. A
suitably designed beacon (case 2), however, could transmit a set
of tones at I.-band which could be trackecl  in the CiPS reccivcr
with minor modifications. A GPS receiver which ordinarily
tracks 8 GPS satellites could be adapted to track 7 GPS satellites
-i tones from one other satellite. With an adequate bandwidth
separating the tones, ambiguities could be resolved ancl a cn)-
ICVCI quality range mcasurcmcnt  could be possible, Case 2
would in general rcc]uire placing a new beacon on the user
satellite,,  but preliminary designs for such beacons being studied
[it 1P]. show that a beacon made from commercially available
parls is feasible and could be relatively inexpensive in terms of
cc)st,  mass, and power, at Icast when comparecl  to CiI’S flight

.



receiver payloads. I’hcthircl approach, tlackil~gc  arlicrpllasc
from the user satellite, woulci be subject to any lilnitations  cm the
availability of the current carrier signals from the spacecraft, For
either case 2 or 3, the beacon need not be at tile. G1’S I.-band
frequency; a simple downconvcrsion to 1.-band would be used
prior to feeding the non-GPS  signal to the GPS ground receiver
(I:ig. 5). “l’his was, in fact, done at JP1. for (1)c TIJRS CiPS
tracking dcnm.
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Fig. 6 Expected  I’I)RS GPS d e m o  o r b i t  d e t e r m i n a t i o n
accuracy is shown in lower portion. Actual baselines in the
detno arc 300-1000 km.

The TDRS tracking c.xpcrimcnt utili~,c.d  three ground
{crminals,  each of which included a GPS TurboRoguc  receiver.
“1’hcsc  GPS receivers WCIC modified at JPI, 10 track 7 CiPS
(carrier phase and pscudorangc)  satellites + 1 ‘1’IIRS  (Ku-band
c:irricr phase) simultaneously (Fig. 5). Initially it was planned to
deploy the three ground terminals within approximately 100 ktn
of White Sands, New Mexico. l’hc small network si~,c is
necessitated by the small TDRS footprint at White Sands, and
offers a number of operational advantages as WC]]. Because
7’IJRS satellites arc gcostationary,  carrier phase by itself
provides a very weak determination of the longitude orbit
component. A small amount of two-way range data (regularly
collcctccl at White Sands) would be adequate to determine the
longitude orbital component. I~ig.  6 shows anticipated orbit
determination accuracy as a function of two-way range
precision. The eventual goal is to show that the system could
meet a near-rca] time (within 2 hrs) 50-nl operational orbit
determination requirement. Other analysis at JP1, has shown that
if a geosynchronous satellite were equipped with a simple
ranging (tones) beacon, the expected orbit accuracy from a
global  tracking network from G] ,T would be about 3 m [7]. in
the case of TDRS, however, existing signal structure and the
limited ground footprint put constraints on the pcrformancc,  and
i( is expected that the TDRS orbit determination will be about a
factor of ten less accurate than the ideal  case, ~’hc actual ground
network size for the experiment was 1000 km x WO km, which



should HXLllt in higher accuracy than for the C:lsc of 1 ()()x100
km. ‘1’hc 1000 km line resulted frc)m deployment of one ground
rccciver at J]’]. in California, where the first side.lobe of the
‘1’1)1<S ground footprint happcrred  to bc dctcctab]c.
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l?ig. 7 ‘1’1)1{S car r ie r  phase t r a c k e d  a t  J]’], with rnorlificd
GI’S  r e c e i v e r  during the recent Tl)RS/GPS demonstration
experiment.

l;ig. 7 shows a sample of ‘1’IIRS cxwricr phase (raw data)
tracked in the JP1, site GPS receiver during the January 1994
cxpcrimcnt.  Dclailcd  orbit results and a comple.tc discussion of
the ‘1’l)RS/GPS  tracking experiment will bc presented in a future
paper. “1’he  diurnal I)opp]er  signature expected from a
geosynchronous satellite orbit is clearly visible. ‘1’hc variations in
SNR arc believed to be due to the fact that JP1. is located in the
first sidelobe  of the transmit antenna pattern, and the strength of
the m.ccivcd  signal is sensitive to the small motion of the sakllite
rcla(ivc (o J]’],.

Advanta=s  of CiPS-1.ike  Tracking

~’hc incorporation of GPS g,muncl  terminals into a
groLIncl  tracking network for orbit determination of other
satellites --- as in G1..’l’ –– results in a very powerful tracking
system. Previous analysis has shown that a global  CiPS/GI.q”
tracking network could routinely provide orbit determination to
the level of several meters for satellites at geosynchronous to
100000 km altitude. However for virtually any tracking
configuration (including the more constrained TDRS one),
collocation of ground tracking terminals with CJI’S rcceivcrs  has
significant advantages: precise (nanoscc-lcvc])  time [ransfer
bctwccn  ground sites from GPS; ionospheric delay calibrations
from dual-band (;1’S data; precise trc)pospheric  delay
calibrations from GPS; and the capability to accurately solve for
the locations of the grc)und sites and for variations in I!arth
orientation from GPS global data, Significant error sources in
the orbit detcrmina.tion  of high-l jarth satellites can thus be
controlled, and the combined tracking system utilized in GI. T
provides a means to calibrate most of thcm to the few CIn-lCVC].
J}’] ,’s CiPS analysis is highly  automated; incorporation of the
high-Ilarth orbiter into such a data processing systcm  offers a
number of operational advantages.
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l~ig. 8. Zenith troposphere delays at the 3 NASA DSN sites
measured with GPS.  Wiclth  of lines indicates precision of
GPS est imates (+/- 10), better  than 1 cm most of the time.

API}] /l~AT}ON ‘1’O DEEP SPACX q’RAC:KING

in the TDRS/GPS demo, a small horn antenna (opening
dinmnsions  17 x 14 cm) was used side by siclc  with the usual
GPS omni antenna, and the outputs of the two antennas were
combined after downconversion  of the 13.731 GhT 1’I)RS
signals to CiPS I.-band. For deep space tracking, a very large
ante.nna collcc[icm area (tens of mc.ters) is often  needed. l~vcn
whcJI  the ground GPS receiver is separate froln the deep space
tracking reccivcr,  the two receivers can bc collocated and
synchronized to the same frequency standard (a hydrogen maser
at the JP1. deep space tracking sites) and thus exploit many
advantages of ~J1 .T for deep space, ~Teodetic and atmospheric
calibrations from ~IPS, in fact, assume even greater importance
for deep space tracking. Fig,. 8 shows a sample of calibrations
from a prototype GPS-based calibration system for troposphere
path ~clay: at the three DSN sites. When made operational, such
a ca]lbmtlon system could eventually  sLlppor[  a deep space
navigation capability between 10 and 50 nanoradians angular
accuracy, depending on the level of other systematic errors in the
deep space data, ~Jse of GPS for Earth orientation calibrations
COLlld  pOtCJltia]]y  make available SigJliflCaJlt  aJIK)LJIltS  Of ]argC

aJ~tcnna  tiJne currently needed for geodetic calibrations.

SIJMMARY

The Global l’ositioning  System (GPS) can support orbit
determination and navigation over a wi(ic altitude rang,c of
altitudes. At the lower altitudes, upwarc]s  looking ~IPS tracking
can provide several-cm orbit accuracy. At higher zdtitudcs,  GPS-
likc tracking (G1.T), incorporating a flight beacon which can bc
(racked in grOLIJld  CiPS receivers provides an accurate and
cfficicnt orbit determination tCChJliC]UC.  Flight demonstrations



have been carried out for both of these approaches. l;or ciccp
space applications, GPS ground rccei~’crs  collocated with the
deep space tracking antennas can provide cssentia]  geodetic and
atmospheric data. A prototype deep space calibration systcm
utili~,ing  GPS at JPI, has clcmonstrated  the feasibility of this
approach.

A cktlowlcdgcment:  771c ivork dc.vcribcd  i)~ tili.v  paper I\Ja,v
c{i rrid 0141 in pa rl by the Jet Projn41sion  Ilabor(ltoryj Califi)m  ia
ltlsfitutc of 7’rchI1OIOgIy, under contmct w i t h  the Nafio/lal
Acromiutics  {Itd  S)mC A(irtli~li.vtr{~ti[)tl.
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